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DESIGT CHARTS FOR CROSS-FLOW TUBULAR INTBRCOOLERS
CHARGE-THROUGE-TUBE TYPB

:Bf J. George Reuter and Michael ¥. Yale#tnq
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SUMMARY

On the bagis of current heat-transfer theory, equa-
.tilons are developed relating the varlious dimensions, the
ailr weight flow, and the performance of a cross-flow tubu-
lar intercooler in which the charge flows through and €the
cooling air 'across the tubes. These egquations are then
presented in graphicel form in a series of design charts
from which the intercooler deslign characteristics and per-
formance can be Quickly determined. A method of determin-
ing and presenting the performance of a given intercooler
at varlous operating coaditions 1s indicated.

Comparisoas are made with the type of cross~flow tu-
bular intercooler in which the cooling air flows through
and the charge across the tubsa. For a given charge and
cooling-alr pressure drop, air weight flow, number of
tube banks, and tube welght, the two types generally have
different values of coolirng effectiveness and have differ-
ent over-all dlmensions, ¥or operation at condltions that
are Talrly representative of ailrecraft intercooler prac-
tice, the charge-through~-tube type usually requires more
space tnan does the ciarge-across—tube type of intercooler.

INTRODUCTION

Crosg-flow tubular intercoolers fall into two general
classes: mnamely, (1) those in which the cooling air flows
through and the charge across the tubes, and (2) those in
wvhich the cooling air flows across anrd the charge through
the tubes. The selection of elither of these types and 1its
deslgn varies with individval installations; the relative
importance of lntercooler size, weight, pressure drops,
and ease of conatruction being the governlng factor. The
many variables involved in the design and performance of
cross~flow tubular intercoolers tend to make the cholce

.0f the optimum type and its design very difficult. It 1s
possible, however, to correlate theese variastlee on the
basis of heat-transfer thegry in such a manner as to re-
duce thls difficulty consideradbly. Design charts based



on thess correlations are presented in reference 1 for
the type of cross-flow tubular intercooler in which the
charge flows across tubes, the centers of which lie on
the apexes of equilateral triangles {(clase 1). Since in-
stallation requirements, in some cases, would pe better
satisfled by an 1ntercooler of the charge-through-tubde
type (clase 2), a second set of similar charts has been
prepared for this tyre with similarly arranged tubes and
1s presented in tols report. An investigation based on
published test data was made of the effect of other stag-
gered tube arrangements on intercooler performance and
slze; the appllication of the design charts to these ar-
rangements 1ls discussed.

This work was conducted at the Langley lkemorial

Aeronauntical Laboratory at Lenzley Fileld, Ve., from
August 1940 to January 1941. .

SYHKEOLS

E heat-transfer rate, Btu per second

ﬁ gurface heat-trangfer coefficient of air, Btu
rer second per square foot per °F -

¥ rate of air flow, pounds per second
x distance along a tube, feet

1 1length in direction of alr flow, feet
33 insgide tube diameter, feet
4o outside tube diameter, feet

d average tube diameter, feet
= (43 + &)

m number of tube banks in directlion of flow
across tubes

8 ninimum distance tetween walls of adjacent tubes
measured perpendicular to direction of flow
acrosgs tube banks, feet



Po

tude pitch measured parallel to direction of
flow acroes tube banke, foet

‘veloclity through the minimum spece 8, feet

per second
number of tubes

ratio of total cross-sectlonal area of inter-
cooler tubes to area of cherge core face

width of in%ercooler block, feet
voltme of intercooler Ddlock, cubic feet
contractional-loss coefficlent

acceleretlon of gravity, feet per eecond per
second

especific heet of air at constant presnure
(0.24 3tw ger 1b per °F)

total presaure 4rop across the intercooler,
incnee of water

standsrd atmospheric density (0.0765 1b per
cu £%)

alr density, poands per cuble foot

density of air relative to standard atmosphere
(P/Po)

power required to force ailr ecross intercooler,

horsepower

cooling-air temperature at intercooler entrance,

oF

meen coolling-alr temperature differential above

To at intercooler exit, oy

charge temperature differentlal above To at
interconoler entrance, op



Tg mean charge temperature differential above T,
ex at intercooler exit, °F
Ty, - T
a Bgx

i cooling effectliverness,

f111 frictioan facior

gy absolute viscosity of air filim, pounds per
foost per second

¥y thermal corductivity of alr film, Btu per
pecord per square foot per OF gradient
per foot

f, ratio »f mean cooling-air temperature riee to
abgonlute cooling~2ir tewperature at inter-

(T3
cooler entrance \\————EE——
T, + 480

pg Tatlo of mean charge temperature drop to
ebaolute cherge temperature at 1lntercooler

T, - T
. 4 a 2ex )
en.rsoce \Ta T To + 460

Eubseript 1 refers to cooling air
Subscrirt 2 refers to charge

Suoeerizt en refers to entrance condition in inter-
cooler

Subscript av refers to average conditilons in inter-
cooler

AFALISIS

Cooling Tffectiveness

With reference to figure 1, at some distance x along
the length of an intercooler tube in the nth Dbank, the



amount of heat per second d4F exchanged between ths
charge and the cooling air through an elemental length
of tube dx {s " .

= --%F c_ 4T (n)

P 25

¢f = h_ md, 4x (%zx(n) - Té) =h, md, dx (%w - quv(ni>
T

vhere Tax(n) 1s the temperature differential adbove T,

of the charge at distance x along a tube in the nth bank
ard T, 18 the teaperature differential above T, of the
tube wall. BEquation (1) involves the assumvtion that the
loc~l cooling alr temperature at point x can te replaced
)
by T, (0} yhich s defined ms the mean temperature dif-
av

ferential adbove T  of the coonllag air across snd over

the length of a tube in the nth bank. The Justification
of this ascumption will Tte discugssed in dstail later.

When T is eliminatud in equation (1)

-t
(n)

aT, m™h; 4, hy d4 ¥ ax (2)
= - 2

(n) (n)

(?ax - Tlav > Macp <Fl do + ha di)
let
mh 4 h 4, N

1 (o} 3 1 s ol (3)

M_ cp h, &y + b di)
Then when equation (2) 1s integrated

Tax(n) = Tp + (Tlav(ﬁ) - Ta) (1 = e-—c'x) ()

Also, the total heat given uvp by the charge to the
nth bank of tubes 1is




(n) _ ¥a (n) (n) _ q (2-2)

g% = 2 g (ma - T, =¥ op (T, T (5)
where Ta(n) 18 the temperature differential above T,
of the ckarge at the exit of a tube in the nth bank and

Tl(n) and T,_(n"l)

above To of the coolirng air after the nth and (n-1)th
bank, respectiveiy. The solution of equation (5) for

Tl(n) is

are the temperature differentlals

() _ ml(n"l) + T (;a - Ta(n)) (6)

where r = ——

Then the averege temperature differential above T, of
the cooling alr across the ntkL bank is

(n) _ n (m-1) (n)
Tlavn—T1n1+§-(Ta~Ta ) (7)

When eguation (7) 1s substituted in equation (4) and the
total length of the tube is considered,

) = Ta+[T1(n-1) +LZ (Ta—ma(“)>-ma] (1- o e 7'”) (8)

In order to eliminate from equation (8) all terms

r ()

procedure is used:

where J ranges from o to n ~ 1, the following

Trom equation (3)

() o g (m2) 4y (ma - Ta(n“))

If in equation (8) this substitution is made and if the



procedure is repeated n - 1 times, Ta(n) will be found
.. to be a function of TB(J) only. The result is written

- e -
a -

=T, (L=-nry+v)+ry 4oaoa Ta(J) (9)

- (1- ;c'?) ' ‘
A

TB(n)

where Y =

=
+
N4

and T, ' =T,

For the first bank,

J=o0
Ta(i) = Ta(l -rT N+ ¥+ Yy z:; TB(J)
J=o0
=Ta(1"1‘“{+'Y)+I"YTa
= (1 ++v) T,
Likewise for the second banlk,
(2) == D
Tq =T, (l=-2rvy+wy)+ry T,
=0

=T (L=27r7yv+y)+ry [Ta + 7, (1 + y)}

(L+y+r+°) 01,

ilso for the third bank,

Ta(s) T, (1- 3ry+7v) + v [Ta"'Ta (1;1--\r)+'.|!a (1+-y+r'ya)]

(1 + v + 2ry2 + rays) ¢



The foregoing operatione indicate that for the mth bank

.7

7, ™ - [1 + oy {1+ r'y)m-l] Ts (10)

The average exlt charge teuperature Taex is obtained

upon proper summation

T (D) - _
Tagy = -lm =T3+%L111((1111;'!Yl) ]Ta (1)

on the assumption that the same quantity of alr flows
through each tube. The cooling effectiveness is

T_ -7
_ .3 " T8ex _ 1 - n
n = Ta———— e [1 (1 + rvy) ]
or
u m
"""'il 1 - —-1 (12)
2 + (1 - e—c'la>
ZmH-,_

The exponent c'l, 1in equation (12) is evaluated 1in

terms of the intercooler dimensions and the air weight
flow by the same procedure as that followed in reference
1l for the equilateral tudbs arrangement. It will be shown
later that within the range of available test data the
surface heat-transfer coefficient h, and thus the ex-

ponent c'la is only s8lightly changed by the use of other

stazgered tube arrangements. As 1in reference 1 the ther-
mal conductivity and the atsolute viscosity of the cooling
alr and the charge, as used in determining the heat-trans-
fer coefficlents, were evaluated at a constant value of
59° and 1009 ¥, respectively.



i -s Hd 0.2 E& O.2 EE
'cria- _ - 1.031 X 10 <"1> (“a) (d) (13)

1 + 0.646 (:—i) (%)o u(,;'a-)

Expansion of the right-hand member of equation (12)
showe that the variation in m after five banks, as it
appears explicitly in that equation, has a neglligible ef-
fect on the coolling effectiveness. The influence of m
on the cooling effectiveness 1s throuvgh the exponent
e!la. The cooling effectiveness can then be stated as a

function of W,;/¥,, 1,/d, md/s, and Fd/!l, the same

factors involved 1n the coollng effectiveness expression
g£iven in reference 1 for the type of cross-flow tudbular
intercooler in whiech the charge flows across the tubes
and the coolirg eir, tarough the tubes,.

In order to make grarhical rspresentation less com-
plicated, the effect of rd/l.:1 may be accounted for by

letting
0.2 -L
o.a<:_g>
10 3 oq

(1) (2

and
a ¥a 0.36 o a
(B)(F) =0 ()
1 eq

where the subscript eq means eqQuivalent. Eguation (13)
can now be written .

. 0.8
1.634 X 10 (i—) <Tl—>
cl." = a eq

o s (:—jj.a (i%):;eg (%2:.“

Figures based on equations (12) and (14) will be presented
to show the effects of tae factors M,/H, ., (1g/d)eq+ end

(14)

P




10

(md/s)eq on the cooling effectiveness. The corrections
to be appllied to l;/d and mé/s to odtain (la/d)eq_
and (md/s)eq will be presented in graphical form as
functione of Nd&/M,.

Fresgure Dror of Cooliling alr

The pressure drop due %o friectlon in air flowing
acroas staggered banks of tuves the centers of whleh lie
on the apexes of equllatera™ t-iangles 1s evaluated by
the same method used 1in reference 1l. It will bPe shown
later that wlthin the range o0 available test data the
friction factor f£'!'' and thus the coolling-alr pressure
drop APl is changed only slightly by the use of other

gataggered tube arrangements. As in reference 1 the vis-
cosity of the cooling air is evaluated at 59° F.

Presesure Drop of Charge

By the procedure followed in reference 1 to determine
the pressure drop of alr through the intercooler tubdes,
the following equation is obtalned upon addition of the
entrance, fluld-frictlonal, heating, and exlt pressure
changes:

Pa
- laf
Po L Ap, = 0. OBSSA(MI ) (

1

\- 1 8.8 0.8
o (2137 (55 (YT o

where

2 - a
A = 2_25; (€ - 1.09£° = 0.91) + (2 - B) (£% - £ + 1)

and
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B _ Ta - Taex - 'rl
B™ Ty + T, + 460 Ty + 460
. - - - - .(1 +.- )
.
S

Ag 1in reference 1 the viscosity of the-charge ls evaluated
at 100° ¥. A plot of £ is given in reference 1 for the
equilateral tute arrangement. The factor ¢ 1ia a fune-
tion only of f and is plotted 1ln reference 1l. Thse fac-
tor B3 1ls introduced to evaluate the heating pressure
regalin and to glve the entrance and exilt- pressure changes
in terms of the mean charge density. A_change 1ln staggered
tube arrangement from the equllateral spacing causes a
change in f and thus a change 1n the entrance-exit pres-
sure drop. TLis pressure drop, however, 1s usualliy a
small portion of the total drop, especlally for long tutes.

Cooling-Alr Fower loas
By the procedure followed 1n reference 1, the expres-

8lon for the power required to force cooling alr across
the 1ntercooler is,

0_1 2P1 " 5-20'1 A'_p;
_-av 1 av (17)
M, ¥, ~ 550p,

When the power is expressed as a percentage of the engine
brake horsepower for a fuel-air ratio of 0.08 and a spe-
cific brake fuel consumption of 0,5 pound per brake horse-
power per hour,

a ' a
o-:"a'v P, (100) 100 Glav Fa

brake horserower 576 -

Charge Power loss

The ﬁower requlred to force the charge through the
intercooler 1s given in reference 1l as
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a
: (18)
M 550 pg

and for a fuel-alr ratio of 0.08 and a sreciflc urake fuel
consumption of 0,50 pound per brake horsepower per hour

o, 2 .(100) o, 2P,
2avy 2 100 av__“©
breke horsenower 576 M,

The relative densities {(0) in the foregoing equations are
average densities., Tne rslation between the aversge and the

entrance densltles, wnen tne effects of pressure changes
in the intercooler are nezlected, may be expressed as
follows:
2 + Ba )
c. =0, LA . B (19)
lav on V2 + 2B,
. 6. = (¥, /8,) mT,
where PFi T g Ty 4w
2 - B
(93 = 0OnA ———a
2av “en 2 - 252> (20)
nT,
where

Intercooler Dimensions

The dimensions of this type of intercooler may be ex~
pressed as follows:

The dimension of the block in the direction of the
cooling alr flow 1s
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1

1= 8y (m - 1) + a,

where, for the eduilatéridl arrangemént, sp = 0.866 (s+ dyp)

The wildth of the block 1s

e (ED) oo e

The volume of the bloek 1s therefore

¥ = 11 12 w

where la 13 the dimenslion in the direction of the charge
flow (tube length). .

DISCUSSIOY

The Cooling Effectiveress FEgquation

In the integration of equation (2) the local cooling-
alr temperature differential above T, at a point along
a tube in the nth bank was replaced by Tlav(n)' the
average temperature differential above T, of the cooling

alr across and over the length of a tube in the nth bank,
Thils essumptlon is valld only if the alr along a given
tube completely mixes, thus equaliging the temperature of
the cooling air along that tube. Since some mixing pro-
bably occurs, the true condition lies between that assumed
in this report and the condition assumed by Fusselt (ref-
erence 2) that no temprerature equalization occurs along a
tube. If, however, equation (12) 1e compared with
Fusselt's expression for the cooling effectiveness (mee
reference 2), it 1s found that: (a) equation (12) is rel-
atively simple; and (b) in the usual range of effectiveness
values vsed 1n intercoolers, the results obtained from
equation (12) agree fairly well with Fusselt's resultas.

4 comparlison of the effectiveness values derived by
the two expressions 1s given in figure 2. This figure
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shows that over a wide range of effectiveress values cov-
ered by the design charts presented 1n this report, the
two analyses glve the same results. In the range of
higher values of coolinz effectiveness, however, the
Nusselt analysis gives sllightly higher values, the maxi-
mum difference 1n tihe rauge of the design charts belng
4.0 percent effecilveness. The values given by equation
(12) ere used in preparing the design charts; they mske
for sllightiy conservative values of cooling effectivoness
whlch may be corrected to the Husaelt valmes, if desired,
by the use of figureo 2.

Effects of Primary Iatercooler Variables

Figure 3, which 1s a plot of equations (12) and (14),
shows that the coolling effectliveness lincreases with
ullua, (la/d)eq, end (md/s)eq at a rate that dimin-

ishes as these variables increase. The effect of 1l,/d

and md/a on the cooling effectiveness is nearly the same
as that of (la/d)eq and (md/s)eq. The corrections re-

lating the actual 1i,/d and ma/s to (l;/d)eq and
(md/a)eq. resrectively, are rerlotted against F¥d4/¥, in

flgure 4 from reference 1.

Bquations (15) and (16) indicate that an increase in

either la/d. md/s, or ¥,/¥,, for a given M, in en

attempt to attaln higher values of cooling effectiveness,
i1s accompanied by ar increase in pressure drup through
the intercooler or across it., In the selection of an in-
tercooler these pressure drops and the consequent power
expenditures as well as the intercooler welght and esize
must be considered.

Design Charts

Although equations (12), (13), (15), and (16) may bde
used to predict intercooler performance when the inter-
cooler dimensions and weight flows of the charge and the
cooling alr are known, thelr application would prove gquite
cumbersome. By the introduction of simplifications 1den-
tlcal wilth those of reference 1, these equations are rep-
resented graphically in tke form of charte (figs. 5 to
10) readily usable by the designer. These simplifications
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detrect little from the valldity of the charts slnce the
resulting errors are well within the 1limlt of experimental
accuracy.
The baslc variables used in the construction of the
charts are 1g/d, md/s, /My, ¥Ndlg/Ma, m, 01,,8p2» &nd

GaavApB. The main des?gn cuaris (figs. 5, 6, and 7) give

for various values of M,/.’; amd 15/4 the cooling ef-

fectiveness plotted against =ndl,/H,, which 1s an index
of heat-transfer surface and thus o? tube welght. ZXach

figure is given for a constant value of m (5, 20, and

30 benks of tubes, respectively) and covers the range of
GlavApl from 2 inckes to &§ %.ches of water. Linear

interpolation for intermediate values of m and G‘lavAp1

g€ives results well witkin expari_antal accuracy. The main

design charts are celculatel Tor a constant velue of

op bpg (5.5 incaes of water). Because varistion in B,
av

has a nezliglible cffect on the values in these charts a

constant value for §fo cf 0.20, which represents a usual

condition, was used in the preraration of the charts.

With the ald o7 figrres B8 azd 9(a) these design
charts mzy be used for otker velues of 0, Ap,. Figure
av

8 gives the correction to be added algebrailcally to the
chart vaiues of l_./d for various values of o, Ap, and

¥dl,/¥,. Likewise figure 9(a) contains the corrections to

be~added algedrailcally to the chart values of cooling ef-
fectiveneses .

The tables included 1in tho main design charts gilvs
the power expenditures involved in the operation of an
intercooler. TFilgure 9(b) gives the variation in the power
requlired to force the chargs thiough the intercooler with
charge pressure drop o, Ap,. Aside from these power ex-~

av

penditures are those due to t_e intercooler weizut, duct

losses, and reduction in manifold pressure - all of which
depend on inetallatlon and flight conditions and should: -
be considered in the choice of “ho optimum intercooler.
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Some energy may be recovered from the cooling-air stream
by means of the Meredith eflect.

Figure 10(a) gives, for arn intercooler wilth 5 banks

Nal ¥
of tubes, e plot of md/s sgal-est a// —L for various

¥a ua
L Nal, gy
values of Glav Apl. For glven values of ™ i; and

Ulavbpl a change 1n the number of tube banks of an inter-

cooler must be accompanied by a charnge in md/s. Thie
change is gilven in Ffigure 10{Db) in the form of a plot of

(%l/(%) agalns: m waere tae subscript on md/s
3

denotes the number of tnbe banks for which that value of
md/a applles.

Effect of Tu%e Arrangement on
Intercooler Cliuracteristics

Figures 11 and 12 are plots of data obtained from
references 3, 4, and 5, anl saow the effect of staggered
tube arrangement on the surface lieet~transfer coerficilent
h, and the friction factor f!'!'!', In these figures

hldo/klf and fii!' are plotted against the ratio

ep/(a + dy) for varilous values of s/do and Reynolds

number. Ths Reynolds number in figure 11 1s based on the
tube diameter, and in figurs 12 it 1a based on the dimen-
sion 8. In each of these figures the equllateral tube
arrangement ls indicated by the vertilcal llne at

sp/(a + d,) = 0.866 on which are marked the values of

hldo/klf and f£''! obtained from reference 5 and used
in this report to evaluate intercooler performance.
It 1s showa in figures 11 and 12 that hldo/klf and

f1t'' are nearly constent for a large range of values of
ap/(s + do) and are approximately equal to the values of
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h1do/k1f and f£1'! given by reference 5 for equilateral’

spacing. Thus the design charis, although based on the
data of. reference 5, apply wlin a good degree of accuracy
for a large range of valuus of sy (s + 4,). It 1s evi-

dent that the intercoolsr dimeneion in the direction of
cooling~alr flow 11.'£nd benze the intercooler volume v,

can be decreased by decreesing sp/(s + do) with little

change in intercooler performance. There 1s protably a
lower 1limit to sp/(s + do) beyond which further reduc-

tion in this dimension resnultz 1un an undesirable change
in intercooler performence. The range of the available
date 18 not sufficiently lz-ge *o show this lower limilt
except poseldly in the case of s/do = 2, where the

Nusselt number apperrs to decroais nmarxedly below the
value of sP/(s + d4,; = G.4. Tre smallest values of

an/(s + d,) and the corresponding values of s/d° cov-

ered by the test datz of references 3 and 4 and shown in
figures 11 and 12 are given in the following table:

s/dq 0.25 0.5 1.0 2.0

sp/(s + 4, 1.0C . 67 .45 «20

In the case of 8/7, = 0.25 he value of s8,/(s + d;)

could have beer reduced f:0ix 1,00 to 0.866 (egquilateral
spacing) with little change ia h,dy/k,, or f'!''. Ia

reference 1 tests are repor-ted in which the value of s/do

was 0.038 for the equlileteral tnbe arrangement, and the
results agreed with the equations for n,d,/k,, and f''!

presented in reference 5.

Attention 1is celled to the fact that the surface
heat-trangfer coefficlent shown 121 figure 11 represents
the surface heat transfer on tke¢ outside of the tubes
only, end that variations in the cooling effectiveness of
an intercooler are not as great as the variations noted
in this heat-transfer coeff’clent. ¥Figure 13 ghows ths
ratio of percentage change 0 (= dn/m) in cooling effec-
tiveness to the psrcertaze ckangs ¢ (= dk,;/h,) 1in the
outer~surface heat-transfer coefZficlent. These curves
are based on equation (1l2). 4according to this figure, in
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the usual range of 1intercooler practice the percentage
change in 7 18 lese than that ir k, by a factor of
0.5 or less.

It appears that conseiderable latitude 1in 8p is per-

mitted for a gilven value of 8 without serlous change 1in
intercooler performarce but with very appreciable varia-
tion in intercooler volume. ConseqQuently ths design
charts presented in this revor: are not limited to equi-
lateral tube arrangement but should also be applicable
with a falr degree of accurac; to other tube arrangements
wlthin the extent of the evidence presented.

Although hidden by the iispersion of the data (fig.
11) there are probably optimum values for 8p which pro-

vide slightly better performance than the equilateral
spacing. It 1s believed that further tests on the effect
of 8p on heat transfer ard giressure drop covering a

larger range than the data given in references 3 and 4
should be made 1n order to cetermine (a) the values of

Bp for maximum performsnce arnd (b) the velues of Bp be

low which the performance decreases ranldly.

Illustra*tions of the Uss of the Intercooler Design Charts
Case 1

Let 1t be surrosed thaet an intercooler is to be de-
slgned for the following set of conditions:

Engine and superckharger characteristlcs:

(1) Charge mass flow Y,, pounds
per gecond - - - - - - - - - - - = 1,75

(2) Charge temperature at supercharger
outlet, °F - - - - - - - = - - = 180

(3) Charge prcssure at supercharger
outlet, 1inches of mercury
absolute = = = =« - = =« = = = = =~ = 40

Desired intercooler dimenslons:

(4) Average tube dlameter 4, feet - - - 1
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(5) ¥umber of tube banks m - - - - = 20

(6) Tube~wall thickness t, feet
(copper density py;, 666

1b/ca ft) = = = = = = = = - « - 0.0005
Intercooler-llmitations:

(7) Cooling-air pressure drop Ap,.
inches of mater - = = - - - = - 8.0

(8) Oharge pressure drop Apg, Iinches of
water - - - =« = « - - - - - - - 4.6

Desired intercooler performance at 21,000 feet
altitude:

(9) Cooling effectiveness m, percent- 80

The intercooler design will be made for X,/M,= 2,

It 18 desired to find the following intercooler
characterlstics:

Tube length 1,
Number of tubes X
Transverse tube spacing s

Farallel tube spacing 8p

Welght of intercooler tubes W, and dimensions of
intercooler block

Power required to force cooling ailr across the inter-
cooler tube banks P,

Fower regquired to force charge through the inter-
cooler Fg

(10) From a table of standard altitude at 21,000
feet
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(11)
so that
(12)
GlaJMH =
(13)
(14)
80 that
(15)
Ca_ _Bpy =

av

Pa = 1%

1.

C.52

Q
il

To = ~16° F

(9), and (10) and from
M, /My = 2

From items (2),
equation (19) for

%.x 0.6 X 176
460 ~ 16

By = = 0.119

= 0.95

From iteams (7), (20), and (11)

0.95 X 0.52 X 8 = 4 inches of water

From *teane (2) end (3)

519
6.0

x 20 ..

1.115
3C

c
Zen

From items (2), (2), and (10)

0.6 X 176  _
e = 0.17

"4€0 - 16

. - 1010

Prom items (8), (13), and (14)

10 X 1.115 X 4,5 = 5.5 inches of water



(16)

and
(17)
(18)
(19)
(20)
80 that

(21)

21

If figore 6(b) which applies for m = 20,

o, Ap, = 4, and GaavApB = 6.5 1is used,

- -av " - -
Tor H1/Hg = 2 and mn = 60

1,/8 = 127

From items {4) and (16)

From itens (1), (4), (15), and (17)

N = 28.9 X 1??"= 916 tubes

If figure 10(a) and items (12) and (1¢&)
are used for ul/ua = 2

(rd/8)g = 75
If figvre 10(D) end items (E) and (19) are
used

(md/e)ao// (nd/s); = 0.582

(md/8),, = 43.5

From items -(4), (5), acd (20)

1
20 Xx is

8 = —ZEE?;—'= 0.00968 foot
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(22) Prom items (4), (6}, and (21)

s/do = Ef$—¥-= 0.45, so that, from figure 11,

within the rauge glvean, the lowest value of

ap/a + d, = 0.67 end thus

8p = 0.67 (0.00958 - 0,0213) = 0.0207 foot

(22a) For the squilatera’® arrangement
8p = 0.666 (0.00968 + 0.0213) = 0.0268 foot
(23) From items (1), (6), azd (18) the weight of
the intercosier tubesg is

(0.0005) (28.9) (1.75) (555m) = 44.2 pounds

(24) Dimension of intercsoler block in direction
of cooling~air flow from 1tems (4), (5),
(6), and (22) 1is

when P _ = 0.g7
8 + dg

(0.0207 % 19 + 0.0213 = 0.41 foot

~p_ _
when s do

(0.0268 % 19) + 0.0213 = 0.53 foot

0.866 (equllateral arrangement)

(25) Width of intercooler block from items (4), (5),
(6), (18), and {21 1s

N
916 , LY

50 5 (0.0213 + 0.00958) = 1.430 feet

(26) Volume of intercooler Tlock when

—P__ = 0.67 from items (17) (24),
8 + d,
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and (25) is
2.66 X 0,41 X 1,415 = 1,637 cublic feet:

®p
and when E—; i, = 0,866 18

2.656 X 0.53 X 1,416 = 1,987 cubic feet

(27) From tabdle at top of figure 6(Dd) for M, /¥y = 2

Glav?Pl/Ha = 0.%¢ horsepower per pouad per

secoad f charge flo.

(28) Also,
Og v_aPa/lfa = 0.68 horsepower per pound per
a

second of charge flow

(29) Prom items (1), (10), (11), and (27)

0.9 X 1,75
Y (0.€3 % 0.52)

P = 7.10 horsepower

(30) Prom items (1), (13), (14), and (28)

o=}
—0.€% X 2.76___ 5,79 horsepower

(1.115 x 1.10)°

In fligure 2 1t is shown that the value of m from
the Nueselt analysis for X /U_ = 2 1is 1 percent higher

than the value 60 used in this example.

Cese I1I

The effect on intercooler cdinensions and performance
0f a change 1n charge pressure drop o, Ap, from 5.5
. av



24

inches of water, for which the rain design charts have
been drawn, to snother valua 1s 1llustrated by the follow-
ing example:
In case I suppose that o0, Ap, 1s increased to 8.0
87

inches of water; the engine and supercharger characteris-
tice, the deeired inturcooler dinensions, the remailning
intercooler limitation, the altitude, and the value of
ul/ua btelng kept the sane,

(31) 1f figure B and item (16) are used
1

= 19
s

(32) Prom figare 9(a) and for !.-Z:I_/H_.z = 2

An = 7 percent

g0 that
m= 60 + 2 = 62 percent
(33) Prom items [-8) and (31)
1,
Tf'= 127 + 19 = 146
and
la = 3.06 feet

(34) Fr;m ivems (1), (4), (16), and (33

23.9 X 1.75
3.C5 X

¥ = = 796 tubes

5l

(35) Inasmuch as Ndla/Ha ig kept constant with

o Ap,s+ the weight of the intercooler
8,y P2

tutes rerains the samrs.
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(36) The tube spacing does not change becaunse
Naly /My, K, /Mg, Ty, 2Py 22d m are

the same. _Thus the dimension of the
intercooler block in the directlon of
cooling-air flow is the same; the width
changes inversely with the change in
tube length, thereby keeping the inter-
cooler volume the same.

(37) If figure 9(b) 1s used

a .
Pa - 1.00 horsepower per pound per

o —E
aav ua

second of charge flow
(38) From items (12), (24), and (37)

_ 1.00 X 1.75
(1.115 X 1.10)

Py 5 = 1.16 horsepower

[

(29) The cooling~air welgnt flow and the attend-
ant power loss across the lntercooler re-
main the same as 1n case I.

FPerformence Charts

It has been shorn how an intercoaler is desligned and
how the performance is predicted for & given set of oper-
ating conditions. Although the design charts can also be
used to predict the performance of the designed inter-
cooler at other operating conditions - for example, opera-
tion at another altitude or perhaps operation with a dif-
ferent weight of charge flowing through the tubes, there
13 a slmpler and more direct method involving the use of
flgures 3 and 4 and the reiations between pressurse drop
and welight flow of charge and cooling air. The informa-
tion can then be presented in convenient form for use by
designers to determine the intercooler characteristics at
any operating condition. The procedure for obtaining an
intercooler performance chart is summarized 1ln the follow-
ing outline and an illustrative example presented.
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1. Relatlon betwveen o, Ap

and M
ay 1 1

Equation 115) shows that o, Ap, varies directly
vith Hll'a. av

2. Relation between o« Ap and M
2 S 2
av
The exact relation between o_ Ap and M (equa-
3, 2 3
tion 16) is quite involved because a portion of
the pressure drop (entrance, exit, eand heating
losses) varies with Maa vhile another portion

(tube frictional loss) varies with Mal'e. In

symbolic form for a given intercooler,

1.8 0e2
o, Ap_ =M X. + E_M
aav 2 H] (1 3 3 >

where K1 and K3 are constants.

The values of K1 and K2 can be fourd from the
intercooler dimensions and thus the relation be-
tween o, Ap2 and M, can be definitely estab-

av

lished. Becruse the frictlional loss in the tubes
is & large portion of the total loss (in the in-
tercooler of case I for o, &p, = 5.5 inches of

wvater the tube frictional loss was 87 percent of
the total loss), the simpler yet sufficiently ac-
curale expression,

_ 1.8
o, Apa = Ks“a

av
where K3 is a constant, may be used.
3. Relation of mn to o Ap and o Ap
lav 1 2av 2
For a given intercooler o Ap determines
lpv ~ 1

Ml and Nd/Ml, vhich, in turn, fix the values of
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(la/d)eq and (md/s)eq. (See fig. 4.) Trom
figufe 3, for the given (la/d)eq and (md/s)eq.

n can be plotted agalnet "M,/M;. Then for every

cooling effectiveness value there 1s a correspond-
ing value of My and thue a corresponding value of

Gaavqpa. This prozcdure ir repeated for various

values of o A
oy P1°

4, Procedure for drawlng performance charts

The performance chart 2ives for a certain intercooler
the relations of m to ¢ and o, Ap, of
av

lavApl to M;, and of caavApa to Hy. In order
to lncrease the scope of the performance chart, the
alr weight flows are glven per unit wildth of inter~
cooler. Thus tl.e given intercooler 1s massumed to
conglist of a nuvmber of Inte:coolers of unlt width
placed in parallel. Changirg the width of the gliven
intercooler by changing the number of tubes per bank
1s equivalent to clianglng the number of lntercoolers
of unit width placed in parzllel, The performance
chart, therefnre, can be used for any value of w
provided tho chenge in w 18 due only to the change
in the number of tubes per uvank, the tube spacing
and other dimensions being constant. Figure 14 is

a convenient plot of the foregolng relatlons for ithe
intercooler desizned in crse I. In this figure
GlavApl i1s plotted sgaiast UaavApa for various

A
‘av Pa
o

values of m . 4leo M¥,/w 1is plotted against

o A and M.,/w against o Ap, e
8,4 P2’ ; € 1.4 P1

The best method of 1llustrating the proceduvre for
making a performance chart 1s to follow through a sample
problem for the intercooler des’zned in case I.

The dimensions of the 1qtercqolei of case I are:
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4 = 1/48 foot s = 0.00958 foot
m = 20 banks $+ = 0.0005 foot
l; = 2.66 feet w = 1.415 feet

¥ = 916 tubes

Fhen clavApl = 4 in:ias of water, craavApB = 5.5

inches of water and M, = 1.75 pounéds per second, the in-

tercooler has a cooling effectiveness of 60 percent and a
value of M;/My = 2 co that 4, = 3.6 pounds per second,

The problem is to determine the performance of the 1lnter-
cooler at other values of (¢; Ap, and GaavApa and to
av

present this informationm in the convenient manner explained

before, When G, Ap, = 4 inches of water, X, = 3.5
av

pounds per second, HI/w = 2,47 pounds per second per foot
width of lantercooler, and Hd/ul = b.,5 feet per pound per

second.
For l,/d = 127 and md/a = 43.5 from figure 4,
(la/d)eq =-~113 and (md/s)oq = 34.8.

From figure 3 the sffectiveness values corresponding
to the various values of L,/l; can be chosen.

M, /%, n
0 0
1 44.0
2 60 .2
4 76545

From the curve obtained by plotting these points the
value of ul/ua can be selected for any value of cooling

effectiveness for the given (za/H)eq and (md/s)eq.
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Thus for every value of cooling effectiveress there ise
corresponding value of Mg for tte given value of H,.

From the fact that GaavAPa = 6.5 inches of water when

Ky = 1,75 pounds per second and from the relation

1.8
GaavApE = KKy + & p}ot of My versus GaavApa can

be drawvn. Thus for any value of Mz the corresponding

value of 0o, Ap, can be found as follows:

av 8

m M, /M, ¥, o _Apg M, /w
. av
50 1.27 2.75 12.4 1.94
B5 1.57 2,23 8.4 1.58
60 1.96 1.79 5.7 1.27
65 2,45 1.43 3.8 1.01
70 3.12 1.12 2.5 .79
76 3.53 .89 1.7 . 63

Tor any other value of o, Ap a solutlon for M can

ay "1 1

te obtained from the relation GlavApl = K4M11'B. Tre

procedure is then repcated for varilous values of o, Apl
av

and M.

The following table gives the results of the forego-
ing procedure. Filgure 14 is a plot of the results in the
recommnended form.
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_ (a) (b) (c)
clavApl » in. of water 2 .6 8
M,, 1b/sec 2.38 4.38 5.13
M /w, 1b/sec/ft 1.68 3.10 3.63
Xa/M,, £t/1b/ssc 8.0 4.4 3.7
(1,8/‘1)eq 121 108 104
(md/s)eq 40.0 32.6 30.9
ul/uﬂ T, percent
0 0 0 0
1 46 43 42
2 63 59 58
4 78 74 73
- = ==
/= .
" MuMa | Fa | CeaytPa] ¥elT
(2) .
50 1.18 2.02 7.1 1.43
55 1.47 1.62 4.7 1.15
60 1.32 1.31 3.3 .926
65 2.25 1.06 2.2. . 750
70 2.32 .84 1.5 .594
75 3.£0 .58 1.0 . 480
(1)
50 1.36 3.22 16.4 2.28
55 1.68 2.61 11.1 1.86
60 2.11 2.08 7.5 1,47
65 2,63 1.67 5.0 1.18
70 3.35 1.31 3.3 .926
(e)
50 1.42 3.61 20.2 2,55
65 1.77 2.90 13.6 2.05
60 2.20 2.33 9.1 1.65
65 2.77 1.85 6.0 1.31
70 3.50 1.47 4.0 1.04
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Oompafison of Charge-Through~-Tube and
Charge-Across-Tube Intercoolers

In }afefénce 1 Eﬁé csoiing effectifeﬁeua of a cross~
flow tubular intercooler of the charge-across~-tube type
1s shown to be a functlon mainly of M,/M; and cl,.

F¥rom the definitions of ¢ and ef,

cllg

elg = -

21

Mg
where é'la = ihg—
27p

and where h 4is the over-all heat—-transfer cosfficlent
and 8 18 the heat-transfer area. The cooling effective~
ness can then be stated simply as a function of u,/na

and c¢'l,, the same terms involved in Nueselt's analysis
and in equatlon (12) of this report.

For a given M, /My and ¢'l, and within the range

of the design charts presented in thie report, the cool-
ing effectiveness of the charge-across~tube type of cross-
flow tubular intercooler agrees closely with the cooling
effectiveness values obtalned from Nusselt and from equa-
tion (12) of this report, the small differences belng due
to the difference 1in the assumptions made in the deriva-
tlons. Thus for a glven heat-transfer erea, over-all
heat-transfer coefficlient, and welght flow of charge and
cooling alr, the values of effectivenesgs of the two types
of cross-flow tubular intercoolers are the same and are
equal to the effectiveness of heat transfer due to the
cross flow of two fluids over a plate.

Tor a given cross-flow tubular intercooler (that 1is,

a given m, &, s, 1, and ¥N) operating at M,/M, =1,

the process of intérchanging the flows (that is, first
operating the intercooler as a charge-~across-tube type
and then as a charge-through-~tube type or vice versa
does not change the cooling effectiveness 1f the effects
of the viscosities and the thermal conduetivities of the
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charge and the cooling air, which in referemnce 1 were
shown to0 be smalil, are neglected. The pressure drop
acrces the intercocoler tubes and the presdgure drop
throvgh the itubes remain aubatantially the same . Bx-
-presse& in symbolic form. .

. Ng

o A = O A
(ourt). " (rusl®e)

"l"]a . . .~

a
and

o, A o, A '
( ‘av P1>a ( Yav Pa>t

where the eubscripts a &nd t denote the charge-across-
tube type and charge-through-tube type of 1ntercooler. re-~
epectively. If:  M;/i#, has a value other than unity, how-
ever, tke process 07 interchenging the flows lncreases

cne of the two indlvidual heat-transfer coefficients and
decreaces the other, the net effoct on the over-all -heat-
transfer coefficient end thus oz the cooling effectivenesas
depending mzinly on the initlal values of the individunal
heat-transfer coefiicients and the value of M,/M;. The

pressure drops through the tubes and acroess the tubdes
change 80 as to satisfy apvrroxzimately the relationship

! '. 1.8
Coy Ap = X M.

where E 1s a constani-of proportionality and M eitﬁef
the welght flow of the charge or tho volight flow of the’
cooling alr., -

For values of Ml/lﬁ2 other than unity, in order

that the two types of 1ntercoolera have equgl values of
cooling effectiveness for a glven heat-trangfer area and
g€iven &air flows, the disposition of the heat-transfer
area and thus the over-all dimensions 6f the two inter-
coolers must be different 'sincé the flow condlitions and
individual heat-transfer ‘coefficients are different. In
general, the pressure drops of the charge and the cooling
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air must also be different. For m = 6 banks, GB Apa

= 10 1nches of water. and O, Ap1 = 2 inches and 8 inches
. . -- .- tav

of water. figure 15 gives the values of cooling effective—
ness of both types of intercoolers plotted against Ndl /lla

for variouns values of ul/ua. The effect of the number of

ttbe banks on the Telations bPetween the cooling effective-
ness valves for both types of 1intercooler is small so
that flgure 15 covers conditions which are failrly repre-
sentative of aircraft intercooler practice. The coollng
effectiveness of the charge-across-tube type increases at
a Blightly faster rate with M,/M, than does the cooling
effectiveness of the other type., The rate of change 1in
cooling effectiveness with nazg/ua 18 approximately the

same for both types of intercoolers. From figure 15 1t
13 seen that some value of K1/Ea exists at which the

values of cooling effectlveness of the two types are equal.

This valuse of ul/ua is apparently a function of o, Ap,,
av

oJ Ap,, and m.
8.9 Pa

The factor Ndil,/M, 4s an index of tube weight and
aleo, for a glvsn tube dismeter, an index of volume taken
(ma Fdls

4 Mg
for a given Ndla/Ma. therefore, the difference in volume

between the two-types of intercoolers is the difference in
the volume of the spacing between the tubes. For a given

up by the tutes ). For a given tube diameter end

——=— {(that 18, & given staggered tube arrangement) and

wilthin the range of available test data, the relation be-
tween the tube spacings 8y ard 8; for a charge~across-

tube type and charge-through-tube type, respectively, may
be expressed as (see equation (15)),
0.B |- 0.89

s, 0o, AP ), (3,)

B c A 5
g 18.'7 P1 . (Ha)a
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where K, 1s approximately egual to 1.

In order to operats at a high cooling effectiveness,
an intercooler must usually handle a greater welght flow
of cooling air than charge, and the pressure drop allowed
for the charge 1g usually greater than that available for
the cooling air. It is then evident,. - from the foregoing
equation, that the tube spacing and thus the volumetrile
requirements of the charge-through-tube type will usually
be greater than those of the other type.

COFCLUDING REMARKS

With the eid of heat~-transfer theory, relationships
between intercooler performance and varlous 1lmtercooler
dimensions may be derived for tubular intercoolers of the
charge~through-tube type. The graphleal representation
of these relationships in the form of design charts in-~
cluded 1in tnls report simplifies the correlation of the
many varlatlszp involved end should be of material assist-
ance in the sele~tion o9f an intercooler to satisfy a par-
ticular set of coanditiors.

ith a givea staggered arrangemeat of tubes and in
the range of practical intercoolar operetion, the charge-
through~tude t;pe of intercooler genarully requires more
space then the charge-across—~tube type.

Langley Memorial Aeronautical Laboratory,
National aAdvisory Committee for Aeromnautics,
Langley Field, Va.
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